The increase of antibiotic resistant microorganisms urged the development and synthesis of novel antimicrobial biomaterials to be employed in a broad range of applications, ranging from food packaging to medical devices. This work describes the production and characterization of a protein-based electrospun fibrous membranes bearing antimicrobial properties. Its composition is exclusively comprised of proteins, with fish gelatine as structural matrix and bovine lactoferrin (bLF) as the active antimicrobial agent. The bLF bactericidal effect was determined against clinical isolates of Escherichia coli and Staphylococcus aureus through microdilution assays. Two distinctive methods were used to incorporate bLF into the fish gelatine nanofibres: (i) as a filler in the electrospinning formulation with concentrations of 2, 5 and 10 (wt%), and cross-linked with glutaraldehyde vapour, in order to achieve stability in aqueous solution; and (ii) through adsorption in a solution with 40mgmL -1 bLF. Fourier transform infrared spectroscopy analysis showed that the structure of both proteins remained intact through the electrospinning blending and cross-linking procedure. Remarkable antibacterial properties were obtained with membranes containing 5% and 10% bLF with a bacterial reduction of approximately 90% and 100%, respectively. and 10 (%wt), and cross-linked with glutaraldehyde vapour, in order to achieve stability in aqueous solution; and ii) through adsorption in a solution with 40 mg mL -1 bLF. Fourier transform infrared spectroscopy analysis showed that the structure of both proteins remained intact through the electrospinning blending and cross-linking procedure. Remarkable antibacterial properties were obtained with membranes containing 5% and 10% bLF with a bacterial reduction of approximately 90% and 100%, respectively.
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INTRODUCTION
Innovative bio-based materials bearing active biological activities are being designed for the development of enhanced commodities. Proteins are biomacromolecules with an overwhelming array of properties and biological activities due to their diverse amino acid composition and architectural conformation [1] . With the adequate engineering processes, proteinaceous byproducts and waste materials such as those derived from the fish processing industry, may be transformed into high value protein-based materials displaying remarkable active properties [2] .
Several protein-based polymers are already thoroughly explored and among them, gelatine represents one of the most intensively used worldwide with an increasing demand [3] . Gelatine is easily available, transparent, flexible and resilient, rendering a preferred base material vastly used by food, pharmaceutical, cosmetic and several specialized industries [4, 5] . Alternative sources of gelatine are being explored to diminish the use of mammalian origin gelatine, due to the reported foodborne transmission of bovine spongiform encephalopathy as well as other prion outbreaks [5, 6] . Gelatine is produced through the partial denaturation of collagen, one of the most prominent proteins found in mesodermal tissues and is mainly extracted from bones, skins, tendons and hides [7] . The origin and hydrolysis methodologies employed for collagen denaturation renders different gelatines with distinct physical and chemical properties. Gelatine type A and type B are obtained from the acid-and alkali-treated precursors, respectively [4, 7, 8] .
In the fish processing industry, inedible fish constituents such as skin, fins, maws and bones account for approximately 30% of the processed catch [8, 9] . In 2014, these wastes represented nearly 50 million tonnes of the worldwide fishery production [10] . The disposal of these "wastes" represents an increasing environmental and health problem. Fish by-products may be processed into gelatine for the development of added-value products. Gelatine materials are interesting materials for biomedical applications, not only for drug encapsulation in pharmaceutical industry [11] but also for membranes for wound dressings and scaffolds capable to promote biomineralization [12] .
Cationic proteins and peptides with antimicrobial properties represent a promising response to the emerging threat of antimicrobial resistance since they may synergistically act with, or even substitute antibiotics, that are becoming ineffective [13, 14] .
Lactoferrin (LF) is an 80 kDa glycoprotein from the innate immune system. An impressive plethora of roles have been attributed to LF including antimicrobial activity against bacteria, virus, yeast and parasitic protozoa, among others [15, 16] . The mechanism underlying LF antibacterial activity is primarily ascribed to its iron chelating property which prevents the development of pathogenic bacteria, exerting a bacteriostatic effect [17, 18] . Moreover, LF is able to bind to several bacterial surface components (proteins, lipotheichoic acid, porins, lipids) destabilizing the membrane polarity, hence increasing the permeability and metabolic burden of sensitive bacteria while preventing adhesion and invasion of host cells by a wide scope of bacteria [16, 19] . Bovine lactoferrin (bLF), mainly obtained from non-pasteurized milk and cheese whey, is considered to be a safe ingredient in formulations for food, pharmaceutical and cosmetic products, with an increasing worldwide industrial scale production between 80 and 100 tonnes a year [20, 21] .
Electrospinning is a versatile technique that allows the fabrication of fibres with widths ranging from micro to nanometres. In this process, a strong electrostatic field is applied to a polymer solution held in a syringe and feed through a needle [22] . As the fibre jet travels through the atmosphere between the needle tip to a ground collector, the solvent evaporates and solid polymer fibres are deposited on the collector [22] . Although gelatine has been successfully electrospun into fibers, the preparation of electrospun membranes raises some critical issues, such as the use of highly toxic solvents such the dissolution of the protein in acetic acid/formic acid mixtures [23] , 1,1,1,3,3,3-hexafluoro-2-propanol [24] , 2,2,2-trifluoroethanol [25] and with acetic acid and ethyl acetate aqueous solutions [26] .
The Gram-negative E. coli is a facultative anaerobe, widely known to be one of the major gastrointestinal microflora entities, but also a resourceful pathogenic [27] . The Gram-positive rod shape S. aureus is a commensal organism present in the human skin and mucosal and is prolific in virulence factors and antimicrobial resistance [28] . Moreover, these microorganisms were positively identified as etiological agents of foodborne illness [29] .
The major constituents of bacteria cell envelope are the anionic phosphatidylglycerol, and zwitterion phosphatidylethanolanine, thus the overall bacteria cytosol membrane charge is negative [30] [31] [32] . bLF antimicrobial motifs are mainly found in its N-terminal, rich in cationic and hydrophobic amino acid residues, which are prone to exert the destabilization of the bacteria cell envelope through its lethal depolarization [15, 31, 32] . In the case of the Gram-negative bacteria, the lipopolysaccharide (LPS) envelope may be additionally disrupted by the action of the bLF LPS binding loop and/or by the Ca 2+ chelation by the sialic acid groups present in the bLF glycan moiety, since Ca 2+ is essential for the stabilization of the inner core of LPS [33, 34] .
Further, the bLF may exert a bacteriostatic activity due to its potent iron binding capacity that may deprive the environment of this essential micronutrient, blocking several essential biochemical reactions [17, 18] .
In the last decade, several composite materials were developed for antimicrobial applications.
Nevertheless, these systems were based in active pharmaceutical drugs [35, 36] or metallic nanoparticles, being silver nanoparticles one of the most common materials used for the aforementioned application [37] [38] [39] . Concerning the use of metallic nanoparticles, several safety concerns have being raised due to potential cytotoxicity effect in cells [40] , which makes urgent the need to pursuit more natural and compatible materials for antimicrobial applications, especially if the main applications is for food packaging.
There is a lack of work concerning the blends of fish gelatine with bLF to promote novel nanoparticle metal free antimicrobial membranes. In the present work, gelatine fibrous membranes containing different amounts of bLF were produced by electrospinning and tested for their antimicrobial performance. The influence of the filler on fibre diameter and average size distribution was characterized. The bactericidal performance of electrospun gelatine/bLF membrane composites and gelatine fibre mats with adsorbed bLF was assessed by contact killing against the Gram-negative bacteria Escherichia coli and the Gram-positive Staphylococcus aureus.
EXPERIMENTAL PROCEDURES
Materials. Bovine lactoferrin (bLF) was obtained from DMV International (USA) with a reported composition (% dry weight) of 96% protein, 0.5% ash and 3.5% moisture, and an iron content of ~120 ppm. Fish gelatine (FG) and formic acid (FA) were purchased from SigmaAldrich and N,N-dimethylformamide (DMF) was acquired from Merck. The polymer solution was prepared as described elsewhere [41] . Briefly, fish gelatine was dissolved in a mixture of FA and DMF (4:6 v/v) at 50 °C to achieve a final gelatine concentration of 30 wt%. Electrospinning. The protein solution was placed in a commercial plastic syringe (10 ml) fitted with a steel needle with 500 µm of inner diameter. Electrospinning was conducted at 1.25 kV cm -1 (distance to collector of 20 cm) with a high voltage power supply from Glassman (model PS/FC30P04). A syringe pump (Syringepump) was used to feed the solutions into the needle tip at 0.2 mL h -1 . The generated electrospun mats were collected in grounded metal collecting plates.
After processing, the membranes were stored at room temperature in a desiccator with silica gel, protected from light, until further use.
Cross-linking and determination of the degree of cross-linking. Electrospun fibre mats were placed in a vapour chamber (vacuum-temp, JPSelecta) containing 20 mL of glutaraldehyde (GA, 50 % PS, Panreac). The fibre mats were exposed to GA-saturated air for 48 hours at room temperature (25 ºC). Unreacted GA aldehyde groups were neutralized by immersion in 100 mM (glycine concentration) for 30 min at pH 7 and thoroughly washed with sterilized deionized water. [42] Finally, the membranes were freeze-dried (Scanvac CoolSafe VP100) for at least 24
hours. To obtain electrospun mats with adsorbed bLF, pristine cross-linked gelatine fibre membranes were cut into 9 mm diameter disks and immersed in 40 mg mL The degree of cross-linking of fish gelatine electrospun fibres with and without bLF was determined by ninhydrin (NHN) assay. NHS reacts with free amino groups to produce the purple coloured amino complex, whose optical density is proportional to the number of free amino groups [43] [44] [45] .
NHS solution was prepared as follows: Solution A: 1.05 g of citric acid, 10 mL (1.0 M) NaOH and 0.04 g SNCl 2 .2H 2 O were mixed and the volume filled to 25 mL with deionized water; Solution B: 1.00 g ninhydrin was added to 25 mL of ethylene glycol monomethyl ether and stirred at room temperature until complete dissolution. The two solutions, A and B, were mixed and stirred at room temperature for 45 min and stored in a dark bottle. The degree of crosslinking was assessed in 1.5 mg of lyophilized electrospun gelatine membranes with and without bLF. The fibre mats were incubated with 1 mL of ninhydrin solution and heated to 100 ºC in a water bath for 20 min. Next, the solution was cooled down to room temperature, diluted with 5 mL of 50% isopropanol, and the optical absorbance was measured at 570 nm with a spectrophotometer (UV, 2501 PC Shimadzu). The amount of free NH 2 groups in the sample was determined by comparison to a standard curve of glycine vs absorbance. The degree of crosslinking ( ) is determined according to equation (1):
where "free" is the mole fraction of free NH 2 in the non-cross-linked samples and "fixed" is the mole fraction of free NH 2 remaining in the cross-linked samples. Three different regions of each type of electrospun samples were evaluated.
Characterization of electrospun fibre mats. Electrospun samples were coated with a thin gold layer using a sputter coater (Polaron, model SC502) and their morphology was analysed by scanning electron microscopy (SEM, Leica Cambridge) with an accelerating voltage of 15 kV.
The nanofibre average diameter and distribution were calculated with approximately 50 randomly selected fibres with ImageJ image processing software [46] . Fourier transform infrared (FTIR) spectra were acquired at room temperature with an Alpha FTIR (Bruker) in attenuated total reflectance (ATR) mode from 4000 to 600 cm -1 . FTIR spectra were collected after 32 scans with a resolution of 4 cm -1 . ºC and 120 rpm. Electrospun samples with 9 mm diameter were inoculated with 10 µl of cell suspension (diluted in PBS) at a concentration of 9.6x10 5 CFU mL -1 for E. coli and 1.1x10 6 CFU mL -1 for S. aureus, followed by incubation at 37 ºC for 2 hours. After incubation, 500 µL of PBS were added and carefully stirred for at least 1 minute. Finally, the samples were submitted to successive serial dilutions and plated in Mueller Hinton (MH, Himedia) agar plates, and incubated for 24 hours at 37 ºC. The contact killing assays were performed using at least 4 replicas for each bacterium.
Minimal inhibitory concentration (MIC
Statistical analysis. Statistically significant differences were identified using one-way ANOVA and post-hoc Tuckey´s multiple comparison as post-test (p < 0.05). The statistical results were obtained using GraphPad Prism software (version 5.0) and an alpha value of 0.05 as the significance criterion.
RESULTS AND DISCUSSION
Characterization of electrospun fibre mats. Despite the apparent simplicity of the electrospinning process, the morphology/structure of the spun fibres is highly affected by several experimental parameters such as the applied voltage, the collector nature, as well as by a wide range of solution properties namely concentration, conductivity, viscosity, surface tension, and solvent volatility [48] . In this work, the morphology and size distribution of cross-linked electrospun fibres was found to be largely affected by the bLF content. Indeed, while fish gelatine fibres were non-defective with a smooth surface, the increasing concentration of bLF in the spinning solution led to the production of defective fibres (figure 1). At 2 wt%, the electrospun fibre morphology was very similar to neat gelatine. Increasing bLF content to 5 wt% and 10 wt% led correspond to the average of three independent assays ± standard error.
Gelatine is a water soluble material thus as-spun fibre membranes, partially or totally, dissolve when in contact with an aqueous medium or high moisture environments [25] . In order to increase the sample stability to aqueous environments, gelatine fibre mats were exposed to a saturated atmosphere of GA to promote chemical cross-linking of the material. It was found that this chemical treatment did not influence the fibre average diameter for an exposure time up to 48 hours and the cross-linked fibres showed the same visual appearance as the as-spun ones [49] .
The degree of cross-linking of the gelatine electrospun membranes was determined by the ninhydrin assay. The results showed a degree of cross-linking ranging from 78 to 84% (figure 2), independently of the bLF content. Therefore, it can be assumed that GA is a favourable crosslinking reagent for gelatine electrospun membranes, as it can efficiently cross-link protein amino groups. Chemical cross-linking of gelatine with GA involves the reaction of -amino groups of lysine or arginine of the polypeptide chain with aldehyde groups of the cross-linking agent by a Schiff base reaction [50] . Moreover, cross-linking is typically associated to a colour change from white to pale yellow [25] . These colour changes have been attributed to the formation of aldimine linkages (-CH=N-) between the free amino acids of lysine or hydroxylysine amino acids residues of the protein and the aldehyde groups of GA [41, 51] . (assigned to N-H bending vibration) [52] . The broad absorption band observed between 3500 -3100 cm -1 was attributed to the contributions from amide A (N-H stretching vibration) and free water present in the material due to storage at room conditions, that may account to 12% of total sample weight [41, 52, 53] . The absorption bands at 2850 and 2920 cm -1 are attributed to the C-H stretching vibration, corresponding to the symmetric and asymmetric stretching of alkyls chains, respectively, with a minor contribution of symmetric and asymmetric stretching vibration in the CH 3 groups at 2873 cm -1 and 2955 cm -1 , respectively [54] .
The absence of shift in peak positions after addition of bLF to gelatine fibres suggests that both the filler and the matrix did not suffer significant structural changes during polypeptide dissolution and subsequent processing by electrospinning ( figure 3) . Similarly, no differences were found between the spectra of pristine electrospun gelatine membranes and electrospun fibre mats with adsorbed bLF. As both gelatine and LF are proteinaceous materials, the infrared spectra is dominated by the characteristic peaks of the peptide bound. The fish gelatine composite membranes with different amounts of bLF were evaluated with respect to antibacterial efficiency against E. coli and S. aureus, for 120 minutes. As shown in figure 5 , the electrospun fish gelatine mats by itself displayed a considerable bacterial reduction when compared with the inoculum of 2-log, which is probably attributed to the nature of gelatin and was previously observed against E. coli [56] . This may be due to the swelling nature of the electrospun mats that do not provide the adequate conditions for bacteria cellular growth. When compared with neat gelatine fibre mats, the membranes containing 2 wt% and 5 wt% of bLF exhibited a slight decrease in the number of viable cells, both in E. coli and S. aureus. However, the membranes with 10 wt% of bLF were highly active against E. coli and S. aureus, presenting a 6 log reduction (99.9999% reduction) in the number of CFUs.
To further characterize the mechanism of bLF release and the subsequent antibacterial efficiency, the gelatine fibre mats were immersed in a solution of 40 mg mL -1 of bLF for 24
hours. These samples (esFG/bLF) exerted an identical reduction as the ones found for the neat fish gelatine electrospun mats. This can be explained by the low concentration of bLF adsorbed by the membranes which was estimated to be approximately 1.0x10 -4 mg mm -2 . Additionally, the weak bonding between the bLF and the surface of the matrix, may lead to a fast diffusion of bLF into the culture media. On the other hand, electrospun nanocomposite samples didn´t seem to hinder the bLF antimicrobial efficiency (figure 5). 
